In this work, we propose a robust algorithm for the separation of two-and multilevel dominant random telegraph signals ͑RTSs͒ from 1 / f noise in the time domain. The method does not associate each RTS level to a fixed range of the signal values, as assumed by other methods, but it is based on a efficient recognition of the jumps between the different RTS levels. The proposed algorithm can extract the 1 / f component even in the presence of several dominant RTSs with different corner frequencies. The procedure has been validated by using a two-level and a four-level synthesized signals.
I. INTRODUCTION
Low-frequency noise characterization is widely used as a diagnostic tool to evaluate the quality and the reliability of complementary metal-oxide semiconductor ͑CMOS͒ devices, [1] [2] [3] [4] [5] since it is very sensitive to the interaction of the charge carriers with defects. The power spectral density ͑PSD͒ of the low-frequency noise always presents a flicker component or 1 / f ␥ component, with ␥ typically close to one ͑for this reason, in the following, we will refer to this component as 1 / f noise͒. In some frequency interval, the 1 / f component can be hidden by individual Lorentzian components due to dominant random telegraph signals ͑RTSs͒. 6 Both noise effects, 1 / f and RTS, are usually ascribed to the same cause which, in the case of CMOS devices, consists of the trapping and the detrapping of charge carriers at the silicon/oxide interface or in the oxide. As a matter of fact, the 1 / f noise can be obtained as a superimposition of several RTS components. 2 RTS and 1 / f are usually referred as extrinsic noise sources since their level depend on the sample defectiveness. The purpose of this work is to propose an algorithm for separating RTS from 1 / f noise. One can object that since 1 / f noise is due to the superimposition of several RTS components, if we extract all the RTS components, the 1 / f noise will disappear. Indeed, what we want to do is extract not all the RTS components but only a few individual dominant RTSs. A RTS component is defined dominant, if in some frequency interval, it causes a significant distortion of the 1 / f spectrum. The advantage of separating the two components is twofold: ͑i͒ the statistical analysis of the extracted RTS allows us to evaluate the properties of a single trap ͑i.e., capture time, emission time, energy level, and spatial position͒; ͑ii͒ the statistical analysis of the extracted 1 / f noise allows us to evaluate the properties of the whole set of the other traps ͑i.e., defect density, energy distribution, and spatial distribution͒. Dominant RTSs are usually observed ͑i͒ in small area devices and ͑ii͒ after the oxide breakdown. The occurrence of dominant RTS increases by reducing the device area, since the total number of defects is reduced and single RTS components can dominate the low-frequency spectrum. After the oxide breakdown, the trapping and detrapping of a single charge near the breakdown spot can cause a significant gate current change thus resulting in dominant RTS. In the past, time domain analysis procedures for the separation of dominant RTS from 1 / f noise have been proposed. 7, 8 They are based on the analysis of the level histogram of the measured signal and the separation of the data points into two subrecords each belonging to a RTS level. The main drawbacks of this procedure are, ͑i͒ it works only in the case of RTS with two well-separated levels and ͑ii͒ it associates each data point to a RTS level on the basis of its value. Indeed, in Ref. 7 , also statistical properties of the original signal are taken into account. Reference 7 also points out that when the power of the RTS component is very high respect to the power of the background flicker noise, the separation is very easy. In our work, we propose a robust algorithm which overcomes both drawbacks without making any assumption on the statistical properties of the original signal.
II. DESCRIPTION OF THE ALGORITHM
Let us consider a signal consisting of a 1 / f noise component and a n-level RTS. The flowchart of the proposed procedure for the separation of the two components is shown in Fig. 1 . The first step consists of plotting the signal histogram. In the case of a n-level RTS, n bells will be observed in the signal histogram. The algorithm chooses n −1 RTS thresholds as the mean values of the peaks of two adjacent bells. It is worth noting that the algorithm does not associate each data point to a RTS level by simply comparing its value with these RTS thresholds, but this is accomplished by a more robust procedure based on the detection of the "jumps" associated with the RTS, as described in the following. We define "edge" a rising/falling monotonous succession of points in the signal trace. If the magnitude of an edge is equal or greater than a fixed threshold, referred as jump threshold, the edge is classified as a jump. Once that we have stored in memory the signal trace, a jump-threshold array is defined. This array contains a window of possible jump thresholds, which are chosen according to the maximum peak to peak amplitude in the signal trace. The first jump threshold is set and the signal trace is scanned for detecting edges. Once an edge is detected, its magnitude is compared with the jump threshold. The magnitude is calculated by averaging for k points before the beginning of the edge, and for m points after the end ͑see Fig. 2͒ . In practice, they are fixed values and, in the following, they will assume the values k =3, m = 1 for the reasons discussed in Sec. III A. This averaging is useful to exclude large peak to peak magnitude background noise. If the magnitude is equal or greater than the jump threshold, the edge is classified as jump and the start/stop edge indices of the signal trace array are recorded. At the end of the scan of the signal trace, we have in memory two arrays: the first array holds the indices of the begin of the detected jumps, and the second array holds the indices of the end of the detected jumps. The RTS is extracted in two steps. First, the acquired signal trace points comprised between the end of each jump and the begin of the next one are averaged. After this step, we obtain a RTS which switches between different levels. Second, we divide these different levels in n subsets by comparing their values with the n − 1 RTS thresholds extracted in the initial part of the algorithm. By averaging the values of the signal points associated with the same subset, we extract the values of the n RTS levels. Note that the association of a signal point to one of the n RTS levels is not based on its own value but it depends on the mean value of all the adjacent points comprised between two successive jumps. Once we have defined the jump transition times and the RTS levels, we can extract the RTS.
Points of the original signal which occur during rising/ falling edges are taken into account by a simple linear fit. The 1 / f noise component is then calculated by simply subtracting the extracted RTS from the original signal. After the separation of the RTS and the 1 / f noise in the time domain, we can evaluate the corresponding spectra. At this point, the next jump threshold is chosen and the cycle restarts. Once we have in memory the spectra for all the jump-threshold values, the algorithm chooses the best jump threshold for extracting the 1 / f noise spectrum. The evaluation of this best threshold is performed by plotting the 1 / f noise parameters A as a function of the jump threshold, where A is the PSD of the 1 / f noise at a fixed frequency f 0 . The presence of a plateau in the plot, indicates that there is an interval of threshold values in which the algorithm result is independent of the jump threshold. As one can imagine, one plateau always exists and it corresponds to jump-threshold values higher than the maximum peak to peak amplitude of the acquired signal trace. The 1 / f noise parameters corresponding to this saturation plateau are the ones which are obtained without extracting the RTS. For lower threshold values, the 1 / f noise parameters decrease with the threshold amplitude. If other plateaus exist in this region, the algorithm can work and the best jump threshold is chosen as the middle value of the lowest plateau. If no other flat region exists and the plot goes down monotonically for lower jump-threshold values, the proposed algorithm does not work because its result is dependent on the particular chosen threshold.
III. VALIDATION OF THE ALGORITHM
In order to validate the proposed method, synthesized and acquired signals have been used. The used instrumentation setup is described in detail in another work. 9 This section has been divided in two parts: first, we take into consideration the case of a single two-level RTS; second, we validate the algorithm for the case of a multilevel RTS.
A. Two-level RTS
The first test signal has been obtained by summing a synthesized two-level RTS and an acquired signal with a 1 / f spectrum. A time window is shown in Fig. 3 . The synthesized two-level RTS is characterized by the following parameters: low level A 0 = 0, high level A 1 = 1, mean time in the on state t on = 16 s, mean time in the off state t off = 80 s. A sampling time T s = 1 s has been assumed. In the same plot, we have reported a line indicating the jumps recognized by the proposed procedure. The histogram of the original signal shows a clear two-bell shape ͑see Fig. 4͒ . Because the two bells are mixed one to other, the signal-to-noise ratio between the RTS component and the background flicker is low, so the separation of the two levels is, in general, a quite difficult task. The extracted RTS threshold is equal to about 0.5, which corresponds to the mean value between the twobell peaks situated at 0 and 1. In order to extract the best value of the jump threshold, we plot the parameter A as a function of the jump threshold ͑see Fig. 5͒ . We chose f 0 = 4 mHz by inspection of the original signal PSD ͑later reported in Fig. 7͒ because around this value, the RTS signal clearly cause the greater PSD distortion with its Lorentian spectral contribute. 6 This is also the frequency choice for which the algorithm is more sensible to parameter fluctuations. The highest flat region is the always present "saturation plateau" due to threshold value greater than the maximum peak to peak amplitude of the acquired signal. The lowest flat region is the "useful plateau," which indicates the presence of a threshold range in which the algorithm result is independent on the threshold. The extracted best jump threshold is 0.65, which is the middle value of the useful plateau. The final results obtained after the application of the proposed algorithm are shown in Figs. 5 ͑inset͒, 6 and 7. As shown in Fig. 6 , the original and the extracted 1 / f and RTS signal components are indistinguishable. The histogram of the extracted 1 / f noise ͑inset of Fig. 5͒ shows a single bell. The spectra before and after the extraction procedure are reported in Fig. 7 . The extracted 1 / f noise spectrum coincides with the original one ͑the same obviously holds for the RTS spectrum, not shown͒, thus confirming the validity of the proposed procedure. It is important to analyze the influence of the k and m parameters on the final result. Figure 8 shows the A parameter as a function of m, with k = m. It is evident that for the lower k ͑m͒ values, A is constant and thus the particular choice of k ͑m͒ is not important. However, for the larger k values, some jumps are not captured and the residual power in the extracted signal is higher. Hence, k and m should be chosen as low as possible to reduce computation time. Indeed, we choose k = 3 and m = 1. The reason for m = 1 is to detect also for single point RTS spikes, which would be not detected with a higher m value ͑it would be the same for k =1, m =3͒.
B. Multilevel RTS
The second test signal has been obtained by summing a synthesized multilevel RTS and an acquired signal with a 1 / f spectrum. The multilevel RTS consists of the superimposition of two two-level RTSs. One RTS is characterized by the following parameters: low level A 0 = 0, high level A 1 =1, mean time in the on state t on = 80 s, mean time in the off state t off = 400 s, while the other RTS is characterized by the following parameters: low level A 0 = 0, high level A 1 = 3, mean time in the on state t on = 16 s, mean time in the off state t off = 80 s. A sampling time T s = 1 s has been assumed. A time window of this signal is shown in Fig. 9 . In the same plot, we have reported a line indicating the jumps recognized by the proposed procedure. The histogram of the original signal shows a clear four-bell shape, each one corresponding to a two-level RTS ͑see Fig. 10͒ . The extracted RTS thresholds are equal to 0.5, 2, and 3.5, which correspond to the mean values between two adjacent bell peaks. In order to extract the best jump threshold, we plot A, which is the PSD value at a fixed frequency f 0 , as a function of the jump threshold ͑see Fig. 11͒ . As in the previous case, f 0 = 4 mHz. The highest flat region is the always present saturation plateau due to threshold value greater than the maximum peak to peak amplitude of the acquired signal. The lowest flat region is the useful plateau, which indicates the presence of a threshold range in which the algorithm result is independent of the threshold. We chose, as the best jump threshold, the value of 0.7, which is the middle value of the useful plateau. The final results obtained after the application of the proposed algorithm are shown in Figs. 11 ͑inset͒, 12 and 13. As shown in Fig. 12 , the original and the extracted 1 / f and RTS signal components are indistinguishable. The histogram of the extracted 1 / f noise ͑inset of Fig. 11͒ shows a single bell. The spectra before and after the extraction procedure are reported in Fig. 13 . The extracted 1 / f noise spectrum coincides with the original one ͑the same obviously holds for the RTS spectrum, not shown͒, thus confirming the validity of the proposed procedure.
IV. CONCLUSIONS
In this work, we have proposed a procedure for separating the 1 / f noise from RTS in the time domain. The algorithm does not associate each data point to a RTS level only on the basis of its value and does not assume particular statistical properties on the original signal as assumed by other previously proposed methods; the association is done by using a robust procedure based on the detection of the jumps associated with the RTS. Moreover, it does not assume a two-level RTS as previous methods, but it can extract the 1 / f component even in the presence of multilevel RTS. The procedure has been validated by using a two-level and a fourlevel synthesized signals. Particularly, in the case of the twolevel signal, the signal-to-noise ratio between the RTS component and background flicker is taken low to show the effectiveness of the method. 
